Local recombination properties of threading screw and edge dislocations in 4H-SiC epitaxial layers have been studied using electron beam induced current ͑EBIC͒. The minority carrier diffusion length in the vicinity of dislocations was found to vary with dislocation type. Screw dislocations had a more pronounced impact on diffusion length than the edge dislocations, evidencing stronger recombination activity. Temperature dependence of EBIC contrast of dislocations suggests that their recombination activity is controlled by deep energy levels in the vicinity of dislocation cores. This paper shows that the type of dislocation ͑screw or edge͒ can be identified from analysis of EBIC contrast.
I. INTRODUCTION
For many years it has been known that dislocations introduce energy levels within the band gap, altering recombination properties of the surrounding semiconductor material. Shockley 1 was the first to suggest that dangling bonds in the dislocation core may act as traps corresponding to intermediate energy levels between the bonding states and freeelectron states. Unfortunately, due to difficulties in controlling crystal growth process at high temperatures, dislocations are a common type of crystallographic defect in SiC. 2 Along with extrinsic and intrinsic point defects governing recombination properties of SiC, 3 they also influence carrier transport properties of SiC epilayers such as carrier lifetime and diffusion length. 4, 5 Since the major potential applications of SiC are high-power switching and microwave devices, where the carrier lifetime and diffusion length play a fundamental role, studying the effect of crystallographic defects on these parameters is of great interest.
The two major types of dislocations in hexagonal SiC are dislocations with the direction of dislocation line along ͗0001͘ ͑threading type͒ and ͗1120͘ ͑basal plane type͒. It was reported that basal plane dislocations can be significantly reduced in epitaxial layers by converting them into threading dislocations through "conversion epitaxial growth process." 6 However, the densities of threading screw dislocations ͑TSDs͒ and threading edge dislocations ͑TEDs͒ with Burgers vectors c͓0001͔ and a1 / 3͓1120͔, respectively ͑where c and a are lattice constants of hexagonal structure SiC͒, is still high. In good quality epitaxial films the density of threading dislocations reaches ϳ10 3 cm −2 , 7, 8 which represents a problem for SiC electronic devices. It was found that TSDs are detrimental for low-voltage p-n and high voltage Schottky diodes and their presence results in high reverse leakage current and low reverse breakdown voltage. 9, 10 At the same time, the effect of TEDs on device performance is still unclear. Available experimental data regarding the electrical activity of TSDs and TEDs in SiC prove that both defects serve as efficient recombination sites degrading carrier transport properties of the material. [11] [12] [13] Since TSDs and TEDs have different core structures, different recombination properties of these defects can be expected. This was found in recent photoluminescence studies, which revealed different radiative recombination behavior of these defects.
14 However, the degree of impact of the specific dislocation type on carrier lifetime or diffusion length of SiC epitaxial films is still not established. 4, 5 Also, no systematic theoretical investigations have been conducted for threading dislocations in SiC and the atomic and electronic structures of these defects are still not completely understood. One of the reasons for the limited amount of experimental work on this topic is the difficulty to access the recombination properties of the individual dislocations by using conventional characterization techniques such as photoluminescence, microwave photoconductivity decay, or transient-free carrier absorption, which are based on macroscopic rather than microscopic analysis of the material. 4, 15, 16 In the present work, the electron beam induced current ͑EBIC͒ mode of a scanning electron microscope ͑SEM͒ was used to study the effect of threading screw and edge dislocations on the local minority carrier diffusion length in 4H-SiC epitaxial films and to aid in the understanding of recombination properties of these defects. Due to its high spatial resolution, down to submicron level, 17 and the possibility of measuring nonuniformity of diffusion lengths with high accuracy 18 −3 , and dislocation densities ϳ10 3 cm −2 were used to study the recombination properties of threading dislocations. The epilayers were grown by hot-wall chemical vapor deposition ͑CVD͒ process on 4H-SiC ͑0001͒ wafers 8°off-cut toward the ͗1120͘ direction. Schottky contacts with diameters of 120 and 180 m were fabricated using e-beam thin film deposition of Ti ͑100 Å thick͒ and then Ni ͑1000-1500 Å thick͒, followed by photolithography and rapid thermal annealing at 1000°C for 5 min in a nitrogen atmosphere. No edge termination was employed. Prior to metal deposition, the sample surface was treated using a standard RCA cleaning procedure in order to remove organic and ionic contaminations from the surface. Ohmic contacts to the backside of the n + substrate were formed by blank e-beam deposition and annealing of a Ni film prior to Schottky contact formation.
EBIC studies were conducted in an LEO 435VP SEM using a constant beam current of 100 or 500 pA and an accelerating voltage in the range of 1-30 kV. EBIC intensity maps from Schottky structures were obtained by rasterscanning the e-beam across the sample and measuring the collected current as a function of e-beam position using a Keithley model 617 Electrometer. The experimental data were acquired and processed by means of a software developed by the authors using LABVIEW and MATHCAD. The e-beam current was monitored by a Faraday cup mounted on the SEM stage. Barrier height and doping concentration values needed for the calculation of the diffusion length were extracted from current-voltage ͑I-V͒ characteristics of the Schottky contacts using the thermoionic-field emission model 19 and from the capacitance-voltage ͑C-V͒ measurements. Deep level transient spectroscopy ͑DLTS͒ was used to estimate the density of Z 1/2 defects in the samples. Finally, after electrical characterization, preferential chemical etching of the samples in molten KOH at 500°C for 15 min was performed to identify the nature of threading dislocations.
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B. Diffusion length calculation
To measure the minority carrier diffusion length in the vicinity of dislocations and defect free regions, we used the method proposed by Wu and Wittry, 18 which allows identification of diffusion length from the analysis of the collection efficiency of a Schottky barrier exposed to a stationary e-beam at variable accelerating voltages ͑Fig. 1͒. Unlike the conventionally used linescan method formulated by Joannou and Davidson, 21 this approach allows local measurement of the diffusion length, L, at the particular point of interest within the area occluded by the Schottky contact. The dislocation can be described as a cylindrical region with radius r with reduced minority carrier lifetime Ј ͑in contrast to the lifetime of the surrounding material͒, characterized by capture cross section , ͑Fig. 1͒ ͑Ref. 22͒ and related to the measured diffusion length by L = ͱ D, where D is the diffusion coefficient.
The total current generated by e-beam and collected by the Schottky barrier ͑I EBIC ͒ is composed of charges collected from the depletion ͑I d ͒ and quasineutral ͑I b ͒ regions of the device, and in the case of n-type material, is given by
where ⌬p is the excess carrier density, g͑x͒ is the distribution of generation volume function of electron-hole pairs excited by the e-beam, q is the electron charge, and w is the depletion layer width. The Wittry model assumes that recombination within the depletion region and at the metalsemiconductor interface of the Schottky contact is negligible. Also, 100% collection of carriers diffused from the quasineutral region is assumed at the boundary of the space charge region. The charge collection efficiency of the barrier is expressed as
where G is the generation rate of electron-hole pairs excited by the e-beam per unit volume. E ehp represents the mean energy to create one electron-hole pair which can be found as E ehp = 2.1ϫ E g + 1.3 ͓where E g is the band gap of the material ͑for 4H-SiC 3.26 eV͔͒, I beam is the beam current, and E is the electron beam energy. The units of E g , I beam , and E are eV, A, and eV, respectively. Parameter f represents the fractional electron beam energy loss due to the backscattering of incident electrons ͑equal to 0.07 for SiC and constant for all accelerating voltages 5 ͒. 
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tude can be rather precisely determined using other characterization techniques ͑I-V, C-V, etc.͒, though with not so high spatial resolution. Figure 2͑a͒ shows a typical two dimensional EBIC intensity map of a Schottky contact obtained at 30 kV accelerating voltage from one of our samples. The bright region represents the Schottky contact, where the carriers generated by the e-beam are collected by the space charge region of the device, thus producing EBIC current. The dark, circular shaped features within the contact area are related to a local decrease in the EBIC current due to enhanced carrier recombination, and represent typical EBIC signatures of threading screw or edge dislocations in SiC. Figure 2͑b͒ shows the optical image of the same region as in Fig. 2͑a͒ , obtained after removal of the Schottky contact and chemical etching of the sample in molten KOH in order to reveal the location of the dislocations and their type. Threading dislocations are revealed by characteristic etch pit shapes. TSDs exhibit larger and deeper etch pits than the TEDs ͑see Fig. 3͒ , which allows identification of the treading dislocation type in SiC. 23 It can be seen from Fig. 2 that there is a one-to-one correlation between etch pits and defects revealed by EBIC. Using the etch pit map in Fig. 2͑b͒ , all screw dislocations in the EBIC intensity map were marked by circles ͓see Fig. 2͑a͔͒ .
III. RESULTS AND DISCUSSION
An EBIC line scan across one of the dislocations is shown in Fig. 2͑a͒ . The maximum drop in EBIC current occurs at the dislocation core 24 and defines the maximum EBIC contrast of dislocation by c max =1−I def. min / I def. free , where I def. min is the current collected at the center of dislocation core and I def. free is the current collected far away from defect. Since 100% collection efficiency is usually assumed within the depletion region, it is clear that the EBIC contrast of the dislocation originates entirely from the quasineutral region of the Schottky contact. In order to reveal the difference in recombination activity of screw and edge dislocations, we determined charge collection efficiency of individual TEDs and TSDs in our samples at varying e-beam accelerating voltages. Figure 4 shows typical collection efficiency curves for TSD, TED, and defect free regions obtained experimentally and calculated theoretically using the values of the thickness of metal contact ͑z m ͒, Schottky barrier height ͑͒ and carrier concentration ͑N d ͒ shown in Fig. 4 . Although the experimental results agree fairly well with our theoretical calculations, the experimental collection efficiency values measured at dislocations in the range 15 to 25 kV accelerating voltages have slight deviation toward lower values. Similar disagreement of the theory with experiment for low accelerating voltages was reported by other researchers. 18, 25, 26 It was suggested that the observed reduction in the collection efficiency is related to recombination within the space charge region and the metal-semiconductor interface. However, detailed calculations of the collection efficiency in the presence of Shockley-Read-Hall recombination, at the metalsemiconductor interface, showed that the current loss is negligible even for high values of recombination rate at the metal-semiconductor interface of the Schottky contact. Therefore, it was concluded that low experimental values of collection efficiency could be related to the loss of carriers in the depletion region of the device due to recombination or some additional mechanisms. 25 Diffusion lengths of the minority carriers in the defect free regions, found from EBIC measurements, were ϳ15 and 5.4 m, for low ͑8. ͒ samples, respectively. The variation in the diffusion lengths for these samples can be explained by the large difference in the concentration of Z 1/2 defects revealed by DLTS measurements ͑n Z1/2 = 4.46ϫ 10 13 cm −3 in moderately doped sample versus n Z1/2 = 1.05ϫ 10 12 cm −3 in low doped sample͒. Since the Z 1/2 defect is the major lifetime limiting point defect in 4H-SiC epitaxial layers, 3, 27 the difference in its concentration is believed to be responsible for different diffusion lengths in the two samples. In both samples, screw and edge dislocations serve as efficient recombination sites, strongly decreasing the diffusion length of material in the vicinity of dislocations. However, screw dislocations show consistently shorter diffusion lengths, suggesting stronger recombination activity than edge dislocations, as can be clearly seen from the graphs in Fig. 4 . While the obtained diffusion length values give an idea about the recombination activity of dislocations, it is more convenient to use the concept of defect recombination strength ͑␥͒ ͑Ref. 28͒ to reflect the recombination efficiency of the individual dislocations. For the dislocation with the dislocation line perpendicular to the Schottky barrier, the recombination strength is given by
29 Considering for simplicity similar dimensions of capture cross sections of dislocation cores for TED and TSD, the relative defect recombination strength can be expressed as ͑1
The defect recombination strength has a straightforward relationship to the EBIC contrast according to c = ␥ · F͑R e , L͒, where F is a correction factor depending on the electron penetration range ͑R e ͒ and diffusion length of the surrounding defect free region. 29 Based on this, by analyzing the contrast from dislocations at similar excitation conditions, it is possible to estimate and differentiate defects with variable recombination strengths. Table I summarizes the calculated relative recombination strength and the maximum EBIC contrast values obtained for threading screw and edge dislocations in low and moderately doped samples. It can be clearly seen from Table I that screw dislocations have higher recombination efficiency than edge dislocations. The measured EBIC contrast of defects at 30 kV accelerating voltage is in good agreement with calculated relative recombination strength values, meaning that higher recombination strength corresponds to higher EBIC contrast. Thus, all the studied screw dislocations always exhibited the highest magnitude of EBIC contrast. This allowed us to distinguish TEDs from TSDs using only the EBIC intensity maps of defects. As an example, Fig. 5 shows an EBIC intensity map obtained from Fig. 2͑a͒ by adjusting the min and max of the EBIC intensity scale to optimize the screw dislocations contrast and saturate the other defects. Thus, this approach allows nondestructive identification of the dislocation type in Schottky, and probably most other SiC device struc- tures, using EBIC. Note that for defects with similar recombination strengths ͑e.g., TEDs and TSDs in this study͒, it is convenient to measure the dislocation contrast at higher accelerating voltages due to the larger width of the intensity profile of the defect, 24 which allows the contrast measurement error to be minimized at the center of a dislocation core and to conduct experimental measurements at lower magnification. Also, at higher accelerating voltages the difference observed in charge collection efficiencies of defects with similar recombination strength is more pronounced, as clearly seen in Fig. 4 .
In order to better understand recombination properties of dislocations in 4H-SiC, we conducted temperature dependent studies of the dislocation EBIC contrast. Figure 6 shows typical experimental dependences of EBIC contrast on temperature, in the range of 5-300 K, for edge and screw dislocations measured with identical conditions in the low doped sample. As shown in Fig. 6 , both types of dislocations have similar contrast behavior. At temperatures below 30 K, the contrast at the dislocations was below the detection limit of our system. The fast rise of the contrast at about 50 K followed by monotonic contrast increase with temperature is seen. Similar contrast behavior was observed from dislocations in Si. 30 It was demonstrated that such contrast behavior occurs when recombination at dislocations is controlled by deep centers. 31 Moreover, modeling results indicate that such dependence of EBIC contrast with temperature in silicon is governed by electron-hole pair recombination via shallow dislocation bands, probably introduced by the strain field of the defect and the deep levels in the vicinity of the dislocation core, attributed to impurity atoms segregated at the dislocation core. The similarity of the contrast versus temperature behavior in our case compared to that reported in Ref. 30 suggests that deep levels at dislocations are responsible for the recombination activity of the TEDs and TSDs in the studied epitaxial layers. In the case of SiC, it is not clear whether the deep levels at the dislocation are intrinsic or introduced by impurities segregated at dislocations, which are attracted by the dislocation's strain fields. Since screw and edge dislocations have different strain field it can be expected distinct dislocation-impurity interaction behavior. Particularly, it was shown that the distance at which the impurity atoms are captured by dislocations is significantly larger for screw type dislocations than for edge dislocations ͑i.e., R s / R e ϳ 3.3, where R s and R e are the "effective capture radius" for the screw and edge dislocations͒. 32 This can result in change in the electronic properties of dislocations and nearby surrounding regions cause by gettering effect or the formation of the Cottrell atmosphere. 33, 34 Calculations of atomic and electronic structures of threading dislocations in Wurtzite GaN ͑Refs. 35 and 36͒ ͑a wide band gap semiconductor with lattice structure similar to that of 4H-SiC͒, showed that TSDs introduce more states in the band gap in comparison with edge dislocations and their recombination activity is presumably stronger than that of edge dislocations, which corroborates our experimental observations. Modeling of the electronic properties of clean dislocations and dislocations decorated by specific impurities in SiC is expected to shed more light on this problem. 
IV. SUMMARY AND CONCLUSIONS
In this work, EBIC was used to characterize threading edge and screw dislocations in n-type 4H-SiC epitaxial layers. Particularly, dislocation-related characteristics such as minority carrier diffusion length, EBIC contrast and its temperature dependence and relative recombination strength was measured in the epitaxial layers with doping concentrations of ϳ8.6ϫ 10 14 and 1.1ϫ 10 16 cm −3 . Our results clearly show that screw and edge dislocations have different recombination activity in SiC. The relative recombination strength of screw dislocations was up to 40% larger than that of edge dislocations, depending on the doping concentration of the epitaxial layer. The measurements of minority diffusion length revealed that the reduction in diffusion length is stronger in the vicinity of screw dislocations than that of edge dislocations. Based on the character of temperature dependence of the EBIC contrast, we suggest that recombination activity of TEDs and TSDs in SiC is controlled by deep level centers in the vicinity of the dislocation core. It was shown that EBIC contrast of screw dislocations can be up to 30% larger that that of the edge dislocation, which makes it possible to distinguish between threading screw and edge dislocations in SiC epilayers using EBIC. This result has high practical importance for nondestructive characterization of SiC device structures and for defect-device correlation studies.
